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Abstract 
We present an electrochemical metabolic monitoring system, which is combined with a spheroid 3D tumor cell culture 
environment. It allows the continuous and precise monitoring of lactate production rates of single human hepatocyte spheroids 
online over days. Lactate concentration was measured using an electrochemical microsensor enabling the real-time monitoring of 
metabolic rates in combination with drug exposure. This setup can be used for drug testing as a powerful tool for fundamental 
research in general biology and toxicology. 
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1. Introduction 
In vitro screening of cancer drugs is still dominated by the usage of traditional 2D cell cultures, mainly because of 
their easy handling and possibility for simple optical inspection. However, 3D cell cultures resemble the in vivo 
situation more closely in many terms, such as differentiation, cell-cell interactions, viability and drug metabolism. 
Therefore, in vitro human hepatic models can be used to consider drug-induced hepatotoxicity. Long-term liver 
specific functionality was shown in organotypic 3D cell cultures, whereby the measurement of the cellular 
metabolism plays a key role in the development of new anti-cancer drugs, as well as in toxicology evaluations [1]. 
An approach developing specific culture equipment comprising sensors was presented by Frey et al. [2]. We present 
an electrochemical monitoring platform, allowing metabolic online measurements in standardized microplates. 
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2. Methods 
2.1. Electrochemical Microsensor 
The enzymatic lactate sensor was realized by an insertion-type, polymer-based, electrochemical biosensor 
platform and is, due to its high degree of mechanical flexibility, a suitable tool for in vivo applications [3]. The 
sensor strip has a total length of 16 mm, a width of 500 μm and a thickness of approx. 160 μm, with the three sensor 
electrodes placed at the tip (Fig. 1 (a)). Two working electrodes, made from platinum, with a total area of 0.095 mm² 
are implemented into the polymer-based substrate, containing membranes with immobilized lactate oxidase on 
them. These enzymatic layers are used to convert lactate, in the presence of oxygen, to hydrogen peroxide (H2O2), 
which in turn is then oxidized at the platinum electrode by an amperometric measurement. At the top of the 
biosensor, another membrane is integrated for protection purposes, breaking down the non-oxidized H2O2 to water 
and oxygen by the enzyme catalase. One of the two working electrodes is used as a blank electrode to subtract the 
undefined background noise from the measurement signal. To complete the 3-electrode-setup, the sensor platform 
also contains a Ag/AgCl reference electrode and a platinum counter electrode. Sensor calibration was done by the 
addition of defined lactate concentrations to a blank medium (Fig. 1 (b)). 
 
  
 
 
2.2. Cell Culture Measurements 
Spherical HepaRG human hepatocyte 3D cell cultures, so-called spheroids, with diameters at around 200 μm and 
consisting of initially 2000 seeded cells, were cultivated in serum-free medium (Williams’ Medium E, Life 
Technologies) over weeks. Formation of the spheroids were done by centrifugation of cell suspension in microplates 
with a cell repellent surface. For cultivation and measurement purposes a regular incubator (Thermo Scientific, 
Heracell 150 i) was used, providing a constant atmosphere of 37 °C, 5% CO2 and 93% humidity. The sensor is 
completely encapsulated to prevent the electrical connections from shortcuts. Just the flexible part with the 
electrodes on it is exposed to the medium. The potentiostat and the evaluation unit remains outside the incubator. 
The spheroids were cultivated in U-bottom microplates (Greiner, Bio-One) and wells with volumes of about 70-
170 μl medium each. For measurements, the spheroids are subsequently transferred into a half-bottom microplate 
with 170 μl medium (Fig. 2 (a)) and the sensor electrodes were brought to a distance of about 500 μm from the 
spheroids. To prevent the medium from evaporation while dipping a microsensor into the well, a perforated cover is 
used. For measurements, a serum-free medium was used containing a lactate background of less than 50 μM. 
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Fig. 1. (a) Photo of the polymer-based electrochemical lactate microsensor strip incorporating two platinum working electrodes, a platinum 
counter electrode and a silver/silver chloride reference electrode integrated. (b) In-line calibration curves for each electrode of the lactate sensor, 
measured in cell culture medium with different lactate concentrations added to blank medium. 
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Fig. 2. (a) Principle of probing the spheroid microenvironment for the continuous monitoring of lactate in a single microtiter plate well. 
(b) Micrograph of a single HepaRG human hepatocyte spheroid in blank medium. 
 
3. Experimental Results 
Continuous long-term measurements of extracellular lactate levels of untreated single spheroids were performed 
for several days (Fig. 3 (a)). Although the lactate production rates caused by the anaerobic metabolism of the 
HepaRG spheroid was only in the 100 μM range, it was possible to reproducibly monitor the lactate production. As 
there were no significantly high spatial variations in the metabolite distribution found, diffusion and convection in 
the well can be assumed sufficient enough. The lactate consumption of the sensor was determined to less than 
1 μM hí1 and can therefore be neglected. The measurement of seven spheroids in parallel in serum-free blank 
medium over a 70 h period gave an averaged lactate production rate of nearly 5 μM hí1 (Fig. 3 (b)). 
 
  
 
It was demonstrated that the monitoring system can be used to probe multiple cell culture wells in a rapid 
sequence, allowing the quick determination of lactate levels, without influencing or removing cell culture medium. 
The lactate production of four HepaRG spheroids were measured in parallel over a period of 20 h in serum-free 
medium (Fig. 4 (a), left, unmarked region). 
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Fig. 3. (a) Continuous long-term monitoring of the lactate production in the microenvironment of an untreated single HepaRG spheroid in blank 
cultivation medium. (b) Long-term lactate production of untreated single HepaRG spheroids in blank cultivation medium. 
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After 20 h, the medium was changed to fresh cell culture medium containing 30 μM Antimycin A (Fig. 4 (a), 
right half, marked). Antimycin A blocks the respiratory pathway and therefore leads to an increased anaerobic 
metabolism and thus lactate production. This behaviour was demonstrated by measurements with untreated 
spheroids, which were measured each first in serum-free medium for 20 h (Fig. 4 (b), left half) and were then 
exposed to 30 μM Antimycin A for another 20 h by changing the medium (Fig. 4 (b), right half, marked). 
 
  
4. Conclusion and Outlook 
An electrochemical microsensor system was used for the detection of extracellular lactate levels and production 
rates in spheroid 3D cell cultures. The measurement of the metabolic microenvironment was done in situ and allows 
therefore the usage of highly integrated microsensors, which are stable enough for measurements over long terms 
with high sensitivity. The precise and continuous online monitoring of the extracellular lactate levels could be 
obtained over days, detecting small changes in the microenvironment of single spheroids. Additionally, the 
alteration of the spheroid metabolism by adding drugs to the spheroid medium was monitored. It was shown, that the 
addition of Antimycin A leads to a significantly increased lactate production rate of HepaRG spheroids. Further 
work will focus on the recording of dose response curves for different compounds, which are essential in toxicology 
as well as the monitoring of multiple parameters such as lactate, glucose and oxygen in parallel. 
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Fig. 4. (a) Continuous long-term monitoring of the lactate production in the microenvironment of an untreated single HepaRG spheroid in 
cultivation medium and in addition of 30 μM Antimycin A. (b) Lactate production of HepaRG spheroids increases due to the exposure to 30 μM 
Antimycin A over 20 h. 
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